Bacterial heart rot of pineapple reported in Hawaii in 2003 and reoccurring in 2006 was caused by an undetermined species of Dickeya. Classification of the bacterial strains isolated from infected pineapple to one of the recognized Dickeya species and their phylogenetic relationships with Dickeya were determined by a multilocus sequence analysis (MLSA), based on the partial gene sequences of dnaA, dnaJ, dnaX, gyrB and recN. Individual and concatenated gene phylogenies revealed that the strains form a clade with reference Dickeya sp. isolated from pineapple in Malaysia and are closely related to D. zeae; however, previous DNA-DNA reassociation values suggest that these strains do not meet the genomic threshold for consideration in D. zeae, and require further taxonomic analysis. An analysis of the markers used in this MLSA determined that recN was the best overall marker for resolution of species within Dickeya. Differential intraspecies resolution was observed with the other markers, suggesting that marker selection is important for defining relationships within a clade. Phylogenies produced with gene sequences from the sequenced genomes of strains D. dadantii Ech586, D. dadantii Ech703 and D. zeae Ech1591 did not place the sequenced strains with members of other wellcharacterized members of their respective species. The average nucleotide identity (ANI) and tetranucleotide frequencies determined for the sequenced strains corroborated the results of the MLSA that D. dadantii Ech586 and D. dadantii Ech703 should be reclassified as Dickeya zeae Ech586 and Dickeya paradisiaca Ech703, respectively, whereas D. zeae Ech1591 should be reclassified as Dickeya chrysanthemi Ech1591.
INTRODUCTION
The nomenclature of Erwinia chrysanthemi changed in 2005 with the emendation proposed by Samson et al. (2005) that all strains formerly designated Pectobacterium chrysanthemi or Brenneria paradisiaca be placed in the newly described genus Dickeya following circumscription via DNA-DNA hybridization (DDH) and phenotypic analyses. Originally, Dickeya comprised six species with validly published names: Dickeya chrysanthemi, D. dadantii, D. dieffenbachiae, D. dianthicola, D. zeae and D. paradisiaca (Samson et al., 2005) . An emendation of the genus based on DDH and phylogenetic analyses (Brady et al., 2012) reduced the number of species to five by dividing D. dadantii into two subspecies and placing all strains formerly known as D. dieffenbachiae as a subspecies within D. dadantii (i.e. D. dadantii subsp. dieffenbachiae). The genus encompasses strains with diverse metabolic capabilities from a wide geographical distribution and host range, with some strains reportedly exhibiting a certain degree of host specificity (Dickey, 1981; Boccara et al., 1991) ; Dickeya species are responsible for soft rot and wilting diseases of agriculturally important crops and have been reported on ornamentals worldwide (Charkowski, 2006) .
Erwinia chrysanthemi (now Dickeya sp.) was identified as the causal agent of an outbreak of bacterial heart rot of pineapple in Hawaii in 2003, which reoccurred in 2006 (Kaneshiro et al., 2008) . Monoclonal antibody reactivity patterns for most pineapple strains were identical to a reference strain isolated from pineapple in Malaysia (Dickeya sp.), whereas other pineapple strains from Hawaii had reactivity patterns like those of D. dadantii, D. dianthicola, D. paradisiaca, D. chrysanthemi and D. zeae (Peckham et al., 2010) . Rep-PCR fingerprint patterns and genetic characteristics of the pineapple strains did not match any of the named Dickeya species, thus precluding species identification (W. K. Sueno, unpublished data; Marrero, 2010) . Relationships among Dickeya have been shown with phylogenies produced with the single genes dnaX or recA (Slawiak et al., 2009; Parkinson et al., 2009) . However, classification and/or species identification based on single genes can be problematic when not all strains are congruent with all members of their respective species, further necessitating the use of multiple genes (Parkinson et al., 2009) . Phylogenetic analyses based on a single gene are not generally recommended for species identification because the effects of gene duplication or loss, horizontal gene transfer (HGT) and recombination can interfere with the accurate reconstruction of an organism's evolutionary history (Feil et al., 2001; Ochman et al., 2000) . Comparisons of single and concatenated phylogenies produced from multiple loci in multilocus sequence analyses (MLSAs) mitigate the effects of incongruent evolutionary histories inferred from a single gene and have been used to classify and/or identify species within several genera (Brady et al., 2008; Menna et al., 2009; Young et al., 2008) .
Here, we present the use of an MLSA of five genes (dnaA, dnaJ, dnaX, gyrB and recN) for species delineation in the genus Dickeya. We determine which of the five genes selected is the best marker for species resolution of Dickeya and describe the phylogenetic relationships of strains isolated from bacterial heart rot of pineapple in Hawaii. We have used data from the whole-genome sequences of D. dadantii strains Ech586, Ech703 and Ech3937 and D. zeae Ech1591 and discuss the current classification of these strains after phylogenetic analyses and whole-genome comparisons.
METHODS
Strains. Since the new Dickeya nomenclature proposed by Brady et al. (2012) had not taken effect at the inception of this study, the nomenclature established by Samson et al. (2005) for Dickeya is referred to in the text and tables. Forty-two Dickeya strains including type and reference strains were used in this study (Table 1) . Type and reference strains were obtained from the Collection Française de Bactéries Phytopathogenès (CFBP), Beaucouzé, France, and from the collection of the Institute for Plant Protection (IPO), DLO Research Institute for Plant Protection (IPO-DLO), Wageningen, Netherlands. Dickeya strains from Hawaiian pineapple plants isolated in our laboratory are prefixed with an 'A'. Dickeya strains from pineapple plants were characterized by rep-PCR and bacteriological tests (Kaneshiro et al., 2008) . Sequence information from three Dickeya strains whose genomes have been completely sequenced and deposited in GenBank (Ech586, GenBank accession no. NC_013592; D. dadantii Ech703, NC_012880; Ech1591, NC_012912) were used for genetic analyses. Sequences obtained in this study for D. dadantii CFBP 3855 (Lemattre 3937) were compared to the gene sequences of D. dadantii Ech3937 (GenBank accession no. NC_014500) made available during the course of this study.
Sequencing of dnaA, dnaJ, dnaX, gyrB and recN genes.
Genomic DNA was extracted as described in Kaneshiro et al. (2008) for PCR amplification of dnaA, dnaJ, dnaX, gyrB and recN. Primers for PCR amplification of gyrB and dnaJ were modified for specificity to the genus Dickeya from existing primers made for members of the Enterobacteriaceae (Dauga, 2002; Nhung et al., 2007) . Primers previously published for dnaX (Slawiak et al., 2009) were used for all Dickeya strains. One published pair of dnaA primers (Schneider et al., 2011) was used for all Dickeya strains, except strains of D. paradisiaca, for which a separate pair of dnaA primers was designed (Marrero, 2010) . These primers are in the same genomic region of dnaA as those described by Schneider et al. (2011) , thus producing comparable amplicons. A degenerate pair of primers was developed for amplification of recN (Table S1 , available in IJSEM Online). Primer design (dnaA and recN) and modification (gyrB and dnaJ) were made using the target gene(s) sequences from the annotated genomes of D. dadantii Ech3937, retrieved from the ASAP database (Glasner et al., 2006) , and D. dadantii Ech703 and Pectobacterium atrosepticum SCRI1043 (NC_004547) from NCBI. All amplification parameters are listed in Table S1 . PCR mixtures contained 10 ml JumpStart RedTaq ReadyMix reaction mix for High Throughput PCR (Sigma-Aldrich), 1 ml each forward and reverse primer (10 mM all genes, except dnaJ; these primers were used at 20 mM) and 2 ml template DNA (50-200 ng), made up in a final volume of 20 ml. Amplification products were electrophoresed on a 1.5 % TAE agarose gel visualized with ethidium bromide. When more than one band was amplified in some D. dianthicola strains with primers to recN, the band of the expected size was excised using the bandstab technique (Wilton et al., 1997) and cloned (Marrero, 2010) . All PCR products were purified with ExoSAP-IT (USB) before being sequenced at the Greenwood Molecular Biology Facility at the University of Hawaii at Manoa. Both strands were sequenced using forward and reverse primers to produce a high-quality contig edited with Sequencher version 4.7 (Gene Codes Corporation, Ann Arbor, MI).
Sequences obtained in this study are detailed in Table S2 .
Phylogenetic analyses. Nucleotide sequences of the partial gene loci were aligned using CLUSTALW with default parameters as implemented in MEGA version 4.0 (Tamura et al., 2007) and then inspected manually and translated to ensure proper placement of gaps within protein-encoding genes. Following sequence alignment, all genes were trimmed to a final length consistent for all strains. Phylogenetic trees were inferred with the maximum-parsimony (MP) algorithm in MEGA using the closest neighbour interchange (level-3) with 2000 bootstrap replicates.
Phylogenetic trees were also reconstructed with the maximumlikelihood (ML) method in MEGA version 5.0 (Tamura et al., 2011) . The proportion of invariable sites and gamma shape distribution were estimated with MODELTEST 3.7 (Posada & Crandall, 1998) , which determines the best-fit evolutionary model to apply for ML analyses. The default value of four was unchanged for the number of substitution rate categories used in the analysis; starting trees were made automatically, and nearest neighbour interchange was used as the ML heuristic search method. The bootstrap analysis was performed with 1000 replicates. Bootstrap values from the ML analyses were used for adding statistical support onto congruent nodes of the consensus MP trees drawn with TreeGraph 2 version 2.0.47-206 beta (Stöver & Müller, 2010) . Congruence between branching order and terminal node placement was inspected visually between the MP and ML trees before manually editing trees. (Farris et al., 1994) as implemented in PAUP* 4.0b10 (Swofford, 2002 Whole-genome analysis of sequenced Dickeya strains. The whole-genome sequences of D. dadantii Ech3937, Ech586, Ech703 and D. zeae Ech1591 were compared using average nucleotide identity (ANI) (Konstantinidis & Tiedje, 2005) and tetranucleotide signature frequencies (Tetra) as implemented in the JSpecies package (Richter & Rosselló -Mó ra, 2009) . ANI values give a measure of the genetic relatedness between any two genomes and can be calculated using the BLAST algorithm (ANI b ) and/or MUMmer (ANI m ). The former calculation is based on cutting the query genome into 1020-bp nucleotide fragments, and the fragments are then used to BLAST against the subject genome in order to calculate the ANI, whereas the latter calculation does not manipulate the genomes and compares large DNA stretches within the two genomes to calculate the ANI. ANI b BLAST search options used for JSpecies analyses were like those of Konstantinidis et al. (2006) ; default parameters were used for the calculation of ANI m .
RESULTS AND DISCUSSION
In the present study, we included partial nucleotide sequences of the five housekeeping genes dnaA (chromosomal replication initiation protein), dnaJ (heat-shock protein, Hsp40), dnaX (DNA polymerase III subunits c and t), gyrB (DNA gyrase B subunit) and recN (recombination and repair protein) for 42 Dickeya strains in an MLSA for species delineation in the genus Dickeya. Stackebrandt et al. (2002) and Tindall et al. (2010) have proposed the sequencing of multiple protein-encoding genes with higher resolution than 16S rRNA gene sequences for classification of microorganisms and delineation of prokaryotic species. The housekeeping genes dnaA and dnaX have been used previously for phylogenetic analyses involving Dickeya species (Schneider et al., 2011; Slawiak et al., 2009) , whereas dnaJ, gyrB and recN have been selected as markers for use in phylogenetic analyses with members of the Enterobacteriaceae (Nhung et al., 2007; Dauga, 2002; Kuhnert et al., 2009 ). Zeigler (2003 computationally derived a set of genes that could be used as predictors of genome relatedness and, by default, useful markers for discrimination of bacterial species; within the list of selected genes, three (recN, dnaX and dnaJ) were used in our MLSA.
The DNA sequences resulting from the PCR amplification of the five genes selected provided a total of 3426 nucleotide sites for phylogenetic analysis. The final lengths of the amplified fragments are 720 bp for dnaA, 672 bp for dnaJ, 450 bp for dnaX, 822 bp for gyrB and 762 bp for recN. The final lengths of the aligned nucleotide sequences correspond to 52 % (dnaA), 59 % (dnaJ), 22 % (dnaX), 34 % (gyrB) and 46 % (recN) of the total length for each gene analysed (annotated gene sequences from Ech1591 were used as a reference).
Individual and concatenated gene analyses
For each gene, phylogenetic trees were reconstructed using the MP and ML methods, as recommended by Tindall et al. (2010) . Analysis of the phylogenetic trees resulted in topology variation between individual genes and among the methods for analysis (MP and ML); nevertheless, with significant species delineation as assessed by high bootstrap values. The highest bootstrap values for all genes was obtained with the MP method; thus, the variation in terminal node placement and branching pattern of the ML analysis is shown superimposed on the phylogenetic trees produced with the MP method ( Fig. 1 ). The numbers of nodes with corresponding bootstrap values higher than 70, 85 and 95 % for the MP and ML analyses are detailed in Table 2 .
The individual phylogenetic analyses with the largest numbers of nodes with bootstrap support values greater than 70 % were the MP and ML trees of dnaA ( Fig. 1) . Clades in the MP dnaA tree were not only well supported, but were monophyletic, except for D. dieffenbachiae, where a single strain, D. dieffenbachiae CFBP 3694, grouped with strains of D. dadantii. The placement of this strain with strains of D. dadantii was consistent with all genes analysed. The close evolutionary relationship of D. dieffenbachiae and D. dadantii was first noted by Parkinson et al. (2009) , who described these species as forming a species complex with D. dianthicola and strains from three unassigned clades (DUC-1 to DUC-3). More recently, the DDH reassociation value of 85±15 % obtained with the type strains of D. dadantii and D. dieffenbachiae resulted in the emendation of the latter species as a subspecies of D. dadantii (Brady et al., 2012) . Our MLSA results agree with the DDH values obtained by Brady et al. (2012) , that the strains formerly classified as D. dieffenbachiae are genetically similar to D. dadantii and, because they have observable phenotypic and genotypic variation, require the infraspecific taxonomic designation. A topology similar to that of the dnaA MP tree was observed with dnaX, albeit with much lower overall bootstrap support ( To establish which gene partitions could be used to produce a phylogeny from concatenated gene sequences, the congruence of the gene partitions was assessed via pairwise ILD tests. This revealed that the only compatible partitions for concatenation were dnaA and dnaX (P50.1800). There was no significant congruence with gyrB, dnaJ and recN (P,0.05 in any combination). The incongruence of recN with gyrB and other data partitions has been reported for Streptococcus species (Glazunova et al., 2010) , whilst the incongruence of gyrB and several other markers, other than recN, has been reported for Pseudomonas syringae (Sarkar & Guttman, 2004) . We opted to concatenate dnaA, dnaJ, dnaX and recN, despite the possible presence of incongruent phylogenetic signals, in a modified total evidence analysis (de Queiroz et al., 1995) . We excluded gyrB because of the aberrant phylogenetic signal observed with Dickeya sp. strains IPO 2187 and IPO 2188. The concatenated partitions resulted in a phylogenetic tree whose topology was similar to that of the MP tree produced with dnaA ( Fig. 2) and whose nodes had higher overall bootstrap values than that of the dnaA tree (Table  2) , indicating more stable nodes as a result of combining partitions. In the concatenated gene tree, most strains were clearly delineated in monophyletic clades, except Dickeya sp. strains A1042, IPO 2187 and IPO 2188, CFBP 3694 (which grouped with D. dadantii as mentioned previously) and the Dickeya sp. strains isolated from pineapple plants, which formed a sister clade to D. zeae.
Significantly grouped taxa
Similar strain groupings could be observed in each of the gene trees for strains belonging to D. dianthicola and D. paradisiaca species (MP trees only) (Fig. 1) Dickeya multilocus sequence analysis (Adriaenssens et al., 2012; Van Vaerenbergh et al., 2012) . Our MLSA supports the placement of these strains as a novel species clade within Dickeya, closely related to D. dieffenbachiae and D. dianthicola.
Strains forming the D. chrysanthemi clade were uniform with all genes tested, with the exception of gyrB, which placed D. dadantii Ech586 within this clade. It is unclear from the MP and ML trees of all genes ( Fig. 1 and Fig. S1 ) ) was assigned to phylotype I. In our MLSA, this subclade structure is conserved. Dickeya sp. strains isolated from pineapple cluster with pineapple reference strains in phylotype II. D. zeae reference strains and Dickeya sp. strains from irrigation water, except strain A5277, cluster with the type strain of D. zeae in phylotype I. Samson et al. (2005) included Dickeya sp. strain CFBP 1278 in the initial DDH analysis for circumscription of Dickeya species. The resulting reassociation value was not equal to or higher than the threshold of 70 % required for inclusion within the species of D. zeae. Results of our MLSA and the recA phylogeny of Parkinson et al. (2009) emphasize the need for further taxonomic evaluation of strains within phylotype II, as they may constitute a novel genomic species within Dickeya. Surprisingly, the strains whose genomes have been completely sequenced, namely D. dadantii strains Ech586 and Ech703 and D. zeae Ech1591, did not group with strains consistent with their current species classification (Table 3) . D. dadantii Ech586 forms a clade with strains of D. zeae (except with gyrB), whereas D. dadantii Ech703 consistently forms a clade with strains of D. paradisiaca. D. zeae Ech1591 forms a clade with strains of D. chrysanthemi. D. dadantii Ech3937 was the only sequenced strain whose placement in our phylogenies was consistent with its species classification; this strain always grouped with strains of D. dadantii. This strain grouping can be observed in most of the individual gene trees, but species boundaries are clearer for Ech586 and Ech1591 in the concatenated gene tree. Ech586, Ech703, Ech1591 and Ech3937 were previously used in two MLSAs comprising predominantly Pectobacterium strains with Dickeya, Brenneria and Yersinia species (Ma et al., 2007; Kim et al., 2009 ). In the phylogenies produced from their concatenated datasets, D. dadantii Ech3937 forms a clade with other Dickeya strains with high bootstrap values, whereas the two sequenced strains classified as D. dadantii, Ech586 and Ech703, form independent branches in the Dickeya phylogeny. Ech586 is the closest strain related to the clade containing D. dadantii Ech3937, but the polyphyletic placement of Ech586 and Ech703 suggests that they do not belong to the same species as D. dadantii Ech3937. Ech703 was the most basal node of the phylogenies produced from the Ma et al. (2007) and Kim et al. (2009) concatenated datasets, in agreement with the results obtained in our MLSA, suggesting that the placement of Ech703 within the D. paradisiaca clade reflects the true evolutionary history of this strain. Since the whole genomes of the sequenced strains are available, methods for species validation of the strains are discussed below.
Multilocus biomarker assessment for the genus Dickeya
The usefulness of a marker can be assessed by its ability to discriminate closely related species without generating conflicting results within a species. Visual inspection of the branching order and the placement of terminal nodes within a phylogenetic tree is often relied upon to determine the usefulness of a marker and is based on whether a given set of markers share similar evolutionary histories (tree topologies) and group OTUs (operational taxonomic units) in monophyletic clades, but does not indicate how much support a given marker actually contributes to the overall phylogenetic tree(s) constructed. We used two programs, ASAP and TaxonGap, to represent visually the usefulness of the markers selected in this MLSA for delineation of the genus Dickeya.
The SA tree, an MP tree produced with the concatenated dataset in PAUP, does not share the same topology as the concatenated MP tree produced with MEGA, but is almost identical to the concatenated ML tree (Fig. S1) . Trees produced by different programs can often have different topologies based on unique sets of criteria employed by those programs to run a given analysis. The fact that the SA tree produced by ASAP is congruent with the concatenated ML tree provides support for the validity of the SA tree topology. Most nodes in the SA tree were supported by positive PBS values of three to four genes (Table S3) . Interestingly, positive values for PBS were highest with recN, and ranged from 1 to 77. The second highest positive values were observed with dnaJ, which ranged from 1 to 38, whereas positive values for dnaX were between 1 and 20. Negative values for PBS, indicating conflict for a specific node(s) or an alternative resolution for that node by a given partition, were not distributed equally among the gene partitions; all the data partitions contained negative values at different nodes in the SA tree, with disproportionately high rates of negative values for analysis with dnaA (65 %) compared with those conducted with dnaJ (10 %), dnaX (5 %) and recN (2.5 %). The large number of negative PBS values observed with the dnaA partition suggests that the addition of the incongruent phylogenetic signal from the dnaJ and recN partitions overwhelmed the phylogenetic signal contributed to the SA tree by dnaA. The lowest level of support or conflict in terms of a PBS value of zero was observed with the dnaX partition (30 % of all nodes). BS for the gene partitions did not follow the same pattern as that observed with PBS. dnaX ranked the lowest for total BS, followed by dnaA, dnaJ and recN. Based on the ASAP analysis of the concatenated dataset used for phylogenetic analyses, the data partition of recN has the highest support (PBS and BS) for the nodes of the SA tree as observed when dnaA, dnaJ, dnaX and recN are combined (Table 4) .
To assess whether the addition of the gyrB partition would greatly affect the topology and final PBS and BS values of the simultaneous analysis, the ASAP analysis was run with all gene partitions. The topology of the SA tree constructed with the addition of gyrB was almost identical to the SA tree of the final concatenated dataset of the four gene loci (data not shown). PBS and BS values changed considerably with the addition of gyrB (Table S4) . Nodes supported by negative PBS values were the highest with gyrB, whereas the data partitions with the lowest level of support or conflict (value of zero) were equally distributed among dnaA and dnaX. gyrB had the lowest total PBS of the data partitions, whereas the total PBS value for dnaA increased to slightly less than half that of recN. Finally, total PBS and BS values were still the highest for the recN partition.
Unlike the topology-based biomarker assessment of ASAP, TaxonGap provides a straightforward visual representation of the s-separability (interspecies divergence) and sheterogeneity (intraspecies divergence) derived from each data partition. Reference and type strains with an established name, fully sequenced strains Ech586, Ech703 and Ech1591 and strains isolated from infected pineapple and irrigation water were used in the TaxonGap analysis of the biomarkers. The unclassified Dickeya sp. strains IPO 2187 and IPO 2188 were also used, as they represent a potential novel species of Dickeya (Slawiak et al., 2009) . Based on the results obtained from the concatenated MP tree, Dickeya sp. strains from pineapple plants are analysed in TaxonGap as a separate group from D. zeae, which is grouped with Dickeya sp. from irrigation water. Strains Ech586, Ech703 and Ech1591 were grouped with strains of their proposed classification in this study (Table 3) .
Variation was observed between the amount of sseparability and s-heterogeneity given each data partition for delineating species in the genus Dickeya (Fig. 3) . Since gyrB was suspected of having been affected by HGT of Dickeya sp. IPO 2187 and IPO 2188, we did not consider Dickeya multilocus sequence analysis values of this marker in our analysis (although presented), and limit our discussion to dnaA, dnaJ, dnaX and recN. Maximum interspecies separation was observed with recN for D. chrysanthemi, D. dianthicola, D. paradisiaca and 'D. solani' represented by Dickeya sp. IPO 2187, whereas dnaJ maximized the interspecies separation of D. dadantii and D. dieffenbachiae. Strains of D. zeae and Dickeya sp. of pineapple had the greatest separation from other species of Dickeya with dnaA. recN gene sequences preferentially showed more resolving power for interspecies relationships and had the lowest overall resolving power for intraspecies relationships. The data partitions with the highest intraspecies divergence were distributed among dnaJ (D. paradisiaca, D. dadantii and Dickeya sp. from pineapple), dnaX (D. chrysanthemi and D. dieffenbachiae) and dnaA (D. zeae and D. dianthicola). Based on these results, recN appears to be the best marker for species delineation in Dickeya, because it possesses low intraspecific, but high interspecific resolving power, making it the most suitable marker analysed in our MLSA. However, our analysis included two or three reference strains per species group, thus not fully encompassing the range of intraspecies diversity present within the six species of Dickeya.
Assessment of the biomarkers with the simultaneous analysis produced with ASAP and the s-separability and sheterogeneity divergence of TaxonGap agree on the best marker candidate, recN, for species delineation of Dickeya. recN was chosen as the highest scoring marker for contributing the most PBS to the nodes of the SA tree, despite the fact that the PBS values of the simultaneous analysis were sensitive to the addition of the gyrB data partition. As was mentioned previously by Baker & DeSalle (1997) , the contribution of data partitions to an SA tree, as assessed by PBS, is dependent on the topology of the SA tree, which is sensitive to the addition of a few characters [namely, the addition of extra partitions (genes) or an increase in the sequenced length of a partition, which can amount to more genetic information]. The increased number of parsimony-informative characters in recN compared with the other genes analysed may also have had an effect on the simultaneous analysis, but their contributions are not well understood may be minimal (Baker & DeSalle, 1997) , and effects could change if compared with other genetic markers. In the TaxonGap analysis, recN was chosen as the best marker because the values obtained for s-separability and s-heterogeneity were characteristic of a good candidate marker (Slabbinck et al., 2008) . Zeigler (2003) concluded that recN was the best candidate marker for discriminating closely related species and could be used successfully to predict genome relatedness. However, in our analysis, recN gene sequences were able to differentiate most species with the highest sseparability values, although not all Dickeya species were equally differentiated. The consideration of marker use for phylogenetic analyses should be based on overall resolving power of the marker for the groups of interest being resolved. Strains that are more closely related will need a marker that has more intraspecies divergence (s-heterogeneity) to reflect relationships at terminal nodes. Zeigler (2003) recommended the use of a set of 'species predictor' genes for the purpose of discriminating between species, a consideration that we agree with and has been echoed by Tindall et al. (2010) for the characterization of prokaryotic strains.
Whole-genome sequence analysis of Dickeya strains Ech3937, Ech586, Ech703 and Ech1591
The placement of Ech586, Ech703 and Ech1591 in our MLSA into species clades inconsistent with their current classification requires further validation. Since the whole- Fig. 3 . Representation of the s-heterogeneity (intraspecies divergence) and s-separability (interspecies divergence) associated with the dnaA, dnaJ, dnaX, gyrB and recN biomarkers. s-Heterogeneity and s-separability are shown as light-grey and dark-grey bars, respectively. The left panel shows a neighbour-joining tree inferred from the concatenated gene sequences (all genes) of the type or reference strains of Dickeya species. For each taxon in the phylogenetic tree, the closest relative with the lowest sseparability is indicated to the right of the dark-grey bar. Bar in the neighbour-joining tree, 1 % estimated substitutions.
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genome sequences of these strains are available in public repositories, we decided to use the complete genome sequence to compare the strains. The ANI of all conserved genes between a set of strains has been shown to correlate with the evolutionary distance between strains, where an ANI value equal to or greater than 95-96 % corresponds to the 70 % DDH standard for species demarcation (Goris et al., 2007; Tindall et al., 2010) . Determining the ANI for sequenced strains is superior to the use of a single gene or a select group of genes for measuring evolutionary relatedness, since the use of the whole genome mitigates the effects of varied evolutionary rates among genes and the inference of an evolutionary history that has been perturbed by HGT (Konstantinidis & Tiedje, 2005) .
Results of the whole-genome comparisons between sequenced strains Ech3937, Ech586, Ech703 and Ech1591 (Table 3) showed that (i) D. dadantii strains Ech586 and Ech703 do not have ANI values consistent with their classification into the same species as D. dadantii Ech3937 and (ii) none of the sequenced strains, regardless of their current classification, belong in the same species. The ANI values obtained for the sequenced strains using the BLAST algorithm (ANI b ) or MUMmer (ANI m ) were in the range 77.9-88.3 % (Table 3) , well below the 95-96 % ANI cut-off for inclusion in the same species. The differences between the genomes of the strains were also analysed via the number of signature tetranucleotide sequences that were shared among the genomes compared. Oligonucleotide frequencies have been shown to carry a species-specific signal, although the evolutionary reasons for the signal have not been clearly explained (Richter & Rosselló -Mó ra, 2009 Richter & Rosselló -Mó ra (2009) , who acknowledged that the strains may not be correctly named. We have provided evidence in the form of ANI and tetra values, as well as the MLSA, to support the conclusion that the names given in the genomic database for Dickeya strains Ech586, Ech703 and Ech1591 are incorrect, and the strains should be reclassified.
Taxonomic conclusions
The genus Dickeya encompasses a heterogeneous group that can be delineated on the basis of MLSA. Relationships based on the phylogenetic analyses presented in this study suggest that strains isolated from pineapple plants in Hawaii may represent a novel species within Dickeya, and require further taxonomic evaluation. Additionally, taxonomic conclusions inferred from four of the five genes in this analysis concur with Slawiak et al. (2009) and Parkinson et al. (2009) that recent Dickeya biovar 3 strains isolated from potato in Europe represent a novel clade and thus may constitute a novel species. More importantly, the MLSA results identified the misclassification of the sequenced strains Ech586, Ech703 and Ech1591. Results of whole-genome comparisons of these strains agree with the MLSA results. How these strains were classified initially is unknown, emphasizing the need for evidence in support of a given classification for all strains deposited in public repositories. As more strains are sequenced in the coming years, accurate classification of strains in public repositories will ensure that taxonomic conclusions inferred from phylogenetic analyses reflect true evolutionary history.
